There is considerable evidence that glutathione (GSH) plays a major role in protecting tumour cells against the cytotoxicity of the oxazaphosphorines, including cyclophosphamide (CP) and its active congener, 4-hydroperoxycyclophosphamide (4-OOH-CP), both in vitro (Russo et al., 1986; Crook et al., 1986a) and in vivo (Gurtoo et al., 1981; Carmichael et al., 1986b; Ono & Shrieve, 1987). Recently, in a study of 17 tumour cell lines, we noted a close correlation between the chemosensitivity of these cell lines to 4-OOH-CP and their steady-state GSH level (Lee et al., 1990) . It was further noted that whilst GSH 'detoxifies' 4-OOH-CP, 4-OOH-CP in turn depletes GSH. In fact, 4-OOH-CP is at toxic concentrations a potent depletor of cellular GSH. Most important, the tumour cell GSH depletion and the lethality produced by 4-OOH-CP appear to be linked events. Significant 4-OOH-CP cytotoxicity was invariably associated with GSH depletion, and vice versa. In the present paper, evidence is presented showing that GSH modulates the cytotoxicity of 4-OOH-CP by participating in chemical reactions at three separate locations in the metabolic pathway of 4-OH-CP, its spontaneous breakdown product. (4-OOH-CP gives rise rapidly to 4-OH-CP following dissolution without any enzymic involvement and may be regarded as equivalent to 4-OH-CP pharmacologically (Sladek, 1987) . 4-OOH-CP is the preferred 'activated' cyclophosphamide for routine use only because of its higher stability in crystalline state and easier synthesis.) 4-OH-CP, sometimes called 'activated' cyclophosphamide, is formed from the hydroxylation of CP by the hepatic mixed-function oxidases (Figure 1 ). 4-OH-CP is in reality the 'transport' form of CP since it is in this form that active CP reaches the target tumour cells (Sladek, 1987) . Intracellular 4-OH-CP is in equilibrium with its ring-opened tautomer aldophosphamide (AP). The fate of AP may follow one of three main competing metabolic pathways: (1) spontaneous fission to acrolein (AC) and phosphoramide mustard (PM), (2) ring-closure and hydroxylation to produce once again the parent 4-OH-CP. As depicted in Figure 1 , glutathione (GSH) can participate in conjugative reactions at three separate locations that may have considerable influence on the eventual cytotoxicity of 4-OH-CP. (1) Reaction with AP as described above which shifts the pseudoequilibrium between 4-OH-CP and AP in favour of the former and thereby curtails the spontaneous degradation of AP to toxic metabolites. GSH also reacts irreversibly with the toxic metabolites AC and PM, but particularly the former (2 and 3) (Gurtoo et al., 1981) . In the accompanying paper we demonstrated that when the combined rates of the conjugation reactions exceed the rate of GSH recovery, i.e. when GSH is being depleted, significant cytotoxicity inevitably occurs. The present findings suggest that GSH depletion impacts directly on the cytotoxic potency of 4-OH-CP by destabilising AP (see Figure 1) 
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Glutathione analysis
The reversed-phase HPLC technique for the analysis of GSH was as described previously (Lee et al., 1989) .
Reaction kinetics of 4-OH-CP with glutathione
In an aqueous environment, 4-OH-CP degrades spontaneously to the toxic metabolites, phosphoramide mustard (PM) and acrolein (AC). These reactive metabolites, once formed, will react irreversibly and rapidly with GSH, causing its eventual depletion. In the presence of L-BSO, which inhibits completely any de novo synthesis of GSH, the rate by which GSH is depleted provides a measure of the relative rate of formation of the reactive metabolites, all else being equal. In relative terms, the more stable the 4-OH-CP, the less will be the amount of reactive metabolites formed, and the slower will be the rate of GSH depletion. In these experiments, GSH depletion was followed by the direct measurement of GSH in the homogenates of SKOV-3 and KHT cells (treated respectively with 100 ILM and 14.7 pLM 4-OOH-CP). (Friedman & Boger, 1961) .
Results

Enhancement by L-BSO of 4-OOH-CP cytotoxicity and GSH depletion activity
The impact of cellular GSH content modulation by L-BSO on the 4-OOH-CP sensitivity of two cell lines was studied.
(1) SKOV-3, a human ovarian tumour line, contains a very high level of GSH and exhibits considerable resistance to the action of 4-OOH-CP. (2) KHT, a murine fibrosarcoma line, grows in vivo as a solid tumour and contains very low GSH level and exhibits exquisite sensitivity to 4-OOH-CP. For the SKOV-3, treatment with 1 mM L-BSO 1 h prior to 4-OOH-CP exposure resulted in a greater degree of cell kill than treatment with 4-OOH-CP alone (Figure 2a) . The 4-OOH-CP dose enhancement factor resulting from L-BSO treatment was dependent on the end-point chosen. At survival levels of 0.1 and 0.01, these factors were 1.63 and 1.86, respectively. In contrast, KHT cells depleted of GSH did not show enhanced sensitivity to 4-OOH-CP (Figure 2b) . Treatment of cells with L-BSO (1 mM) alone for 4 h was without toxicity (Lee et al., 1988; Siemann et al., 1989) .
The above results show that the cytotoxicity of 4-OOH-CP can be modulated by altering the cellular GSH content. Additionally, in the companion paper, toxic concentrations of 4-OOH-CP were demonstrated to be an effective depletor of cellular GSH (Lee et al., 1990) . Most importantly, the cytotoxic and GSH-reducing effects of 4-OOH-CP are closely related. To study further this relationship, we investigated whether or not prior reduction of GSH content by L-BSO affects the ability of 4-OOH-CP to deplete GSH subsequently. Figure 4a shows the concentration-cytotoxicity relationship of deschloro-4-OOH-CP in the MLS cell line. At an equivalent level of cytotoxicity (10% survival), 4-OOH-CP was at least 10 times more effective than deschloro-4-OOH-CP as a cytotoxic agent. In terms of GSH depletion, however (Figure 4b ), 4-OOH-CP was only slightly more effective (less than -1.5 times). These results strongly suggest that GSH depletion per se was not the major mechanism of 4-OOH-CP cytotoxicity. L-BSO (1 mM) for various times before exposure to 4-OOH-CP. The relative rate of formation of the toxic, reactive metabolites in the different cell populations having differing levels of GSH was determined by monitoring the rate of GSH depletion. Reactive metabolites (mainly acrolein) react with and deplete GSH rapidly following their formation (Figure 5a and b) . In SKOV-3 cells, the rate of toxic metabolites formation was found to be inversely proportional to the initial GSH concentration at the time of 4-OOH-CP exposure (Figure 6a ). In KHT cells, which have much lower steady state GSH content than SKOV-3 cells, lowering of the GSH content by L-BSO appeared not to affect the rate of toxification of 4-OOH-CP (Figure 6b ).
Effects of cellular GSH content on the alkylating capacity of 4-OOH-CP in cells
The mode of protection by GSH was investigated in these series of experiments. It was found that manipulation of the level of cellular GSH by pretreatment of cells with L-BSO did not alter the level of the intracellular alkylating capacity of 4-OOH-CP measured at various times following drug exposure ( Figure 7a ). These results suggest that GSH did not protect against the cytotoxicity of 4-OOH-CP by (1) affecting drug uptake or accumulation, or (2) reacting irreversibly with 4-OOH-CP. However, GSH did have a dramatic effect on the stability of 4-OOH-CP in aqueous solution, preventing very effectively, in a concentration dependent manner (Figure 7b ), the spontaneous breakdown of 4-OOH-CP to toxic products Zon et al., 1984) . 1986 ; Crook et al., 1986; Gurtoo et al., 1981; Carmichael et al., 1986b; Ono & Shrieve, 1987) . In the present investigation, evidence was obtained that led to the formulation of a hypothetical model which accounts mechanistically for this protective role of GSH. It is proposed that GSH protects via an efficient two-prong mechanism. Firstly, GSH provides protection by direct irreversible conjugation of the toxic metabolites. This mechanism, common to many electrophilic alkylating agents used in cancer chemotherapy, has been thoroughly described (for reviews see Arrick & Nathan, 1984; Jocelyn, 1972) . The second mechanism, unique to 4-OH-CP, involves the reversible reaction of GSH with AP, the ringopened isomer of 4-OOH-CP, to form hemithioacetal followed by ring-closure and hydroxylation to produce the parent 4-OH-CP once again (Figure 1 ). This cyclic reaction has been well studied using 31P NMR spectroscopy (Zon et al., 1984; Kwon et al., 1987) . The effect of this reaction is the stabilisation of 4-OH-CP from spontaneous degradation to toxic metabolites (Figures 6a and 7b) . The importance of GSH as a determinant of cellular sensitivity to cyclophosphamide and its activated metabolite, 4-OH-CP, is likely due to this two-tier mechanism. Interestingly, the decelerating effect of GSH on the spontaneous degradation of 4-OH-CP appeared to be effective only at high GSH concentration. Thus, L-BSO was effective in enhancing the cytotoxicity and spontaneous degradation of 4-OH-CP for SKOV-3 cells, which have high GSH content, but was ineffective on both counts for KHT cells, which have low GSH content. This concentration dependent characteristic of GSH protection may have important implications regarding the use of L-BSO in combination with cyclophosphamide in cancer chemotherapy. It may be that this combination should optimally be used for resistant tumours with high GSH contents (Lee et al., 1990) , but may have little additional value, over treatment with cyclophosphamide alone, for sensitive tumours with low GSH content. Similarly, critical normal tissues, such as the bone marrow, containing lower GSH contents than tumours (Lee et al., 1989) may be preferentially spared vis-a-vis tumours.
It should be noted that Draeger et al. (1976) has previously reported that GSH and other thiols could stabilize the alkylating capacity of 4-OH-CP by the reversible formation of 4-(alkylthio)cyclophosphamide. Zon et al. (1984) and Kwon et al. (1987) had subsequently confirmed this result using 3lP NMR spectroscopy. It was concluded that 4-OH-CP underwent slow ring opening to AP followed by facile formation of hemithioacetal, which then cyclised to 4-thiocyclophosphamide adducts (Kwon et al., 1987) . The present study extends these findings and, in addition, provides the first demonstration that the stabilising effects of GSH also occur within intact tumour cells. The toxification of 4-OH-CP takes place via the tautomer AP. GSH, via the futile cyclic reactions described above (Figure 1) shifts the tautomerism pseudoequilibrium between 4-OH-CP and AP in favour of the former tautomer. This has the effect of reducing the rate of formation of AC and PM, the 'ultimate toxic metabolite' (Connors et al., 1974; Sladek, 1987) .
The pivotal role of GSH was well illustrated in the companion study in which the chemosensitivity and GSH status of each of 17 tumour cell lines was determined. A significant direct correlation (r = 0.84, P = 0.05) was observed between GSH content and resistance to 4-OOH-CP (Lee et al., 1990) .
It was also found that the GSH status of cells treated with 4-OOH-CP was an extremely effective predictor of chemosensitivity. The occurrence of a significant reduction of tumour cell reproductive capacity was always accompanied by substantial depletion of cellular GSH, and vice versa. The present model provides a ready explanation for the effectiveness of GSH status in predicting for cellular chemosensitivity to 4-OOH-CP. For a given cell line treated with a subtoxic dose of 4-OOH-CP, the stabilisation effect of GSH is sufficient to keep the formation of PM and AC to a minimum. Consequently the intracellular GSH content remains relatively unchanged following drug exposure. With increasing drug dose however, considerable amounts of toxic metabolites are formed. As a result (1) the intracellular GSH content begins to be depleted which will then further destabilise 4-OH-CP, and (2) the tautomerism pseudoequilibrium between 4-OH-CP and AP shifts progressively in favour of AP which will then further promote the formation of PM and AC. This vicious cycle of destabilisation and toxic metabolite formation is likely to rapidly lead to cell death.
It should be noted that in the formulation of the present model we have made two important assumptions: (1) The quantity of the ultimate alkylating metabolite (PM) formed during drug exposure is the dominant factor governing cellular chemosensitivity to 4-OH-CP. In this regard, it should be noted that factors others than GSH per se may also play significant roles in determining chemosensitivity by modulating PM formation. Two such factors are the enzymes aldehyde dehydrogenase and glutathione S-transferase. These enzymes have been shown to confer resistance to cyclophosphamide in some tumours and normal tissues (Sladek, 1987; Hilton, 1984; Carmichael et al., 1986a; McGown & Fox, 1986) . A cell line with higher activity of these enzymes may be able to detoxify AP more efficiently, thus minimising toxic metabolites formation (see Figure 1 ) and maintaining the GSH status quo. It is probably for this reason that monitoring the changes in GSH status appears to be better than monitoring absolute GSH content per se as a method of chemosensitivity prediction for 4-OOH-CP (Lee et al., 1990) . (2) It is also implicit in the proposed model that the in vitro thiol-reactive effects of 4-OH-CP and its metabolites can be extrapolated to in vivo conditions. Under some conditions, this may not necessarily be the case. It has been suggested that thiol-reactive agents might behave differently in vivo as compared to in vitro because of differences in the relative amount of thiols versus thiol-reactive agents present under the two conditions (Wardman & Clarke, 1987) . For two reasons, however, it is believed that in vitro-in vivo extrapolation is justified for 4-OH-CP and its metabolites. Firstly, cyclophosphamide administration in vivo has been shown to cause GSH depletion in vivo (Adams et al., 1986; Carmichael et al., 1986a) . Secondly, the important reversible equilibria in the proposed reaction scheme are probably adequately modelled in vitro, since relevant concentrations of the thiol-reactive agent have been used.
The proposed model also defines the precise role of acrolein in the overall activity of 4-OH-CP. A number of puzzling observations have long fueled the debate as to which metabolites of CP are responsible for its cytotoxic activity (Sladek, 1987) and oncostatic specificity (Sladek, 1987; Hohorst et al., 1976) . Even though PM is now generally regarded as the ultimate alkylating metabolite responsible for the in vivo and in vitro cytotoxic activity of CP and 4-OH-CP (Brock, 1976; Struck et al., 1975) , the fact that its cytotoxic activity and oncostatic specificity is much inferior, on a molar basis, to CP and 4-OH-CP (Brock, 1976; Hohorst et al., 1976; Alberts et al., 1984) remains unexplained. Exhaustive investigation had uncovered no other metabolites of significant cytotoxicity (Sladex, 1987) , or which were able to form inter-strand DNA crosslinks (Erickson et al., 1980; Cairney et al., 1984) . The basis of these paradoxical findings has frequently been attributed to the presumption, never conclusively proven, that PM has poor cell membrane transport characteristics Alberts et al., 1984) . The presence results suggest another, though not mutually exclusive, explanation: 4-OH-CP possesses superior cytotoxic activity to PM because of its ability to generate not only PM but also acrolein which, though not cytotoxic itself, augments the cytotoxic activity of 4-OH-CP. The possibility of such a sensitising action has been suggested by Alarcon and Meienhofer (1971) for acrolein, but no supporting evidence has been presented. In agreement with previous findings (Brock, 1976; Wrabetz et al., 1980) , we have also demonstrated the relative lack of toxicity of acrolein ( Figure   4a ). Thus, deschloro-4-hydroperoxycyclophosphamide, which has its bis-(P-chloroethyl)amine group replaced by diethylamine, produced acrolein (Alarcon & Meienhofer, 1971 ) and depleted cellular GSH as efficiently as 4-OOH-CP (Figure 4b ), but was non-cytotoxic because it cannot give rise to PM (Figure 4a ). The present model suggests that acrolein enhances the cytotoxicity of PM via the following sequence of events: (1) GSH depletion, (2) progressive destabilization of 4-OH-CP, and finally (3) 
